The kinetics of pyruvate kinase from Saccharomyces cerevisiae were studied in assays at pH 6.2 at 25°C as a function of the concentrations of the substrates ADP, phosphoenolpyruvate and Mg2+ and the concentration of the effector fructose 1,6-bisphosphate. The enzyme was activated by 100 mM-K+ and 32 mM-NH4+ throughout. It was found that an increase in the fructose bisphosphate concentration from 24 /tM to 1.2 mm brings about a transition from a sigmoidal to a non-inflected form in the relationships v = f([phosphoenolpyruvate]) and v = f([Mg2+]) together with a large increase in the affinity of these substrates for the enzyme. The binding behaviour of ADP is barely affected by the same change in effector concentration. By contrast, increase in fructose bisphosphate concentration below 24 gM increases the affinity of the enzyme for all its substrates and the sigmoidicity ofthe corresponding velocity-substrate-concentration relationships. As a result of this change in behaviour it has been found impossible to represent all the data by the exponential model for a regulatory enzyme, and it is suggested (supported by comparisons with previous work) that the failure may reflect a secondary action of the effector upon the enzyme.
INTRODUCTION
The glycolytic enzyme pyruvate kinase (EC 2.7.1.40) from the yeast Saccharomyces cerevisiae displays sigmoidal relationships between the initial velocity of pyruvate formation and the concentration of any one of the substrates phosphoenolpyruvate, ADP and Mg2+, when the concentrations of the other two are kept constant at pH 6.2 (Morris et al., 1984) . The present paper reports the results of a systematic investigation of the influence of these substrate concentrations on the initial velocity of reaction measured in the presence of different concentrations of the allosteric activator fructose 1 ,6-bisphosphate. The results are interpreted by extending the exponential model described by Ainsworth et al. (1983) to four ligands, the assumption being made that the fractional saturation of the enzyme by univalent cations (H+, K+ and NH4+) remains constant throughout.
EXPERIMENTAL METHODS AND ANALYSIS OF RESULTS Materials and general methods
Materials, methods and the preparation of pyruvate kinase were as described by Morris et al. (1984) . Fructose 1,6-bisphosphate was employed as the tetracylohexylammonium salt (Boehringer Corp., Lewes, East Sussex, U.K. (2) as described by Ainsworth et al. (1983) and Morris et al. (1984) . In eqns.
(1) and (2) Px stands for the fractional saturation of the enzyme by ligand X. VG represents the initial rate of product formation (v) when the enzyme is completely saturated by substrates, PA = PB = PC = 1, in the absence of D. A different rate is measured when the enzyme is also saturated by D and the change is represented by multiplying VG by the constant y (Ainsworth & Gregory, 1978 Boyer, 1953; Hunsley & Suelter, 1969) . In addition, with typical conditions for our experiments, the maximum activation with K+ ions alone is not approached below a concentration of 200 mm. By contrast, extensive experiments with a wide range of A, B and C concentrations and 32 mM-NH4+ have shown that a plateau in the K+ response is always achieved at concentrations below 100 mm and maintained well beyond them. In an accompanying paper (Rhodes et al., 1986) it is reported in detail that this result arises because NH4+ and K+ co-operate synergistically in the univalentcation activation of yeast pyruvate kinase and that the enzyme is fully activated at the NH4+ and K+ concentrations present in the enzyme assays. NH4+ was also found to increase the stability of pyruvate kinase as judged by a smaller error in duplicate rate measurements and a decreased rate at which enzyme solutions lost activity. For these reasons, it seems advantageous to continue the joint use of K+ and NH4+ as activating cations. A determination of the apparent NH4+-binding constants at pH 6.2 of ADP (808 mM) and phosphoenolpyruvate (242 mM), described by Rhodes et al. (1986) , shows that 32 mM-NH4+ has no significant effect on the substrate-level equilibria of Mg2+: the possible binding of NH4+ to fructose bisphosphate in our experiments was not examined because the very low concentrations of the effector would render the outcome inconsequential.
RESULTS
The data illustrated in Figs. 1-6 are the means of duplicate measurements of the initial velocity. The mean percentage deviation from the average of each paired measurement is 1.3% for the complete data set, a value that appears acceptably low but gives no indication of the errors that arise in making up the assay solutions: previous estimates suggest that these errors will be much larger (Morris et al., 1984) . Table 1 gives a fit to 360 data points, with fructose bisphosphate concentrations up to 24 4M, based on eqns. (1) and (2). The 104 data points represented in Figs. 5 and 6 were fitted by the three-ligand exponential model equations on the assumption that fructose bisphosphate is saturating at a concentration of 1.2 mM: the constants of this fit are given in Table 2 .
We have sampled the distribution of error associated with the overall fit to data with fructose bisphosphate concentrations up to 24 /tM by calculating the error parameters that arise when sub-sets of the data are fitted by its constants. The sub-sets chosen for this examination correspond to the several values of fructose bisphosphate concentration present in the reactant solutions. Table 1 shows that the sub-set values of the error product are lower than the error product of the set except for [ Table 2 . Phosphoenolpyruvate concentrations were: *, 0.75mm; 0, 1.0 mm; A, 1.5mM; O, 2.5mM.
Figs. 1-4 display curves calculated by using optimized fits given in Table 1 . The data points obviously lie closer to these curves than they do to curves calculated from the overall fit to the 360 data points by amounts that may be judged from the corresponding error parameters. The curves drawn in Figs. 5 and 6 have similarly been calculated from the fit given in Table 2 .
Examination of the Figures shows that the fit is less good at low velocities, an observation that is reflected by the relative values of the RSS and MD% error parameters. A similar outcome has been noted in the analysis of data relating to other enzymes (Ainsworth, 1977) .
DISCUSSION
The allosteric interactions of yeast pyruvate kinase can be described by the constants given in Table 2 Gregory, 1978) , but the restriction is lifted when more than one substrate is involved (Ainsworth, 1986) .
For example, the typical appearance of an inflected-noninflected transition (Monod et al., 1965) can be observed On the basis of these simulations, it seemed reasonable to expect that the exponential model would be able to describe all the results presented here, as it had earlier successfully represented the equivalent, though simpler, data recorded for the rabbit muscle enzyme . In practice, we have been unable to secure an acceptable fit to the complete data base, although many attempts have been made. On the assumption that significant systematic experimental error is absent, the failure to secure a fit can be taken to indicate either that the exponential model is too parsimonious in its definition of constants or that the model itself is inappropriate. With regard to the first alternative, the exponential model generates an additional 18 constants if the principle of linkage is discarded (Ainsworth & Gregory, 1978) . We have tested a model in which two of the extra constants are employed and find a marked improvement in the quality ofthe fit; unfortunately, there is no objective rule to determine which or how many additional constants should be used, and we regard the result as trivial. On the second alternative it is natural to consider the MWC model (Monod et al., 1965) because of its archetypal demonstration of the sigmoidal-to-hyperbolictransition in the relationship v = f(A)D. This model was used by Johannes & Hess (1973) , but they found it necessary to introduce a third, hybrid, conformational state in order to represent the effect of varying but one substrate concentration. Goodford et al. (1977) also found that a three-state MWC model was required to explain the effects of bisphosphoglycerate on the oxygen equilibrium curve of haemoglobin. For the present study, a further level of complication is superimposed by the necessity to account for the effect of two additional substrate concentrations on the reaction velocity. In these circumstances, it is difficult to avoid an arbitrary description of the enzyme mechanism and, whichever is employed, the choice is expressed by a rate equation of great complexity (Bardsley et al., 1980) . It is evident from the foregoing that both of the alternative courses of action that have been considered permit the introduction of so many additional constants that the significance of a successful fit to the data would be placed in doubt (Tanford, 1973) . For this reason we propose to accept Fits D24 and D1200 as descriptions of the behaviour of the enzyme at 'low' and 'high' effector concentrations respectively. In support, Table 1 (Ainsworth, 1977) . The Table also gives dissociation constants for ligand binding (X.-') and a multiplication factor (e-kxy) that shows the effect of saturation by ligand X on the dissociation constant of Y, and vice versa. Other conditions are as indicated in Table 1 Morris et al. (1984) from Fit DO would also be drawn from the values of the non-D constants presented in Fit D24. As discussed above, the same conclusions cannot be drawn from the non-D constants of Fit D1200.
The value of y = 0.966 and the similarity of the values of VG given by Fits D24 and D1200 indicate clearly that fructose bisphosphate acts solely by changing the affinity of the enzyme for its substrates: the enzyme and this effector may therefore be regarded as a K system in the nomenclature of Monod et al. (1965) . The independence of the maximum velocity from the fructose bisphosphate concentration is already well-established for the yeast enzyme (Haeckel et al., 1968; Hunsley & Suelter, 1969; Johannes & Hess, 1973) and for the enzymes from rabbit muscle (Phillips & Ainsworth, 1977) and liver (Irving & Williams, 1973) . The observation permits the conclusion that addition of effector does not decrease the molecular mass of the enzyme with its consequent inactivation (Kuczenski & Suelter, 1970 , 1971a .
The effects of adding 1.2 mM-fructose bisphosphate on the substrate interactions with yeast pyruvate kinase can be judged by comparing the non-D constants of Fit D24 with those of Fit 01200. Briefly, on adding 1.2 mm effector, the w0 affinity ofADP increases 1.2-fold whereas the equivalent Hill slope for its binding relationship, calculated from kAA (Ainsworth, 1977) , remains almost constant at 1.4. For phosphoenolpyruvate the affinity increases 12-fold with a decrease in Hill slope from 1.56 to 0.89, whereas for Mg2+ a 7-fold increase in affinity is associated with a decrease in Hill slope from 3.87 to 1.08. Hunsley & Suelter (1969) have previously reported the effects of adding 1 mM-fructose bisphosphate on the kinetic behaviour of yeast pyruvate kinase. A rigorous comparison with their work is not possible for reasons already given (Morris et al., 1984) , to which must be added the complication that Hunsley & Suelter (1969) significantly lowered the concentration of the activating univalent cation on adding 1 mm effector. Nevertheless, Hunsley & Suelter (1969) observed that the affinity of ADP for the enzyme and the corresponding Hill slope of 1 remain unaffected on adding 1 mm effector when NH4+ was the activating cation. Similarly, they observed, on adding 1 mm effector, that the affinity of phosphoenolpyruvate was increased 21-fold with a fall in Hill slope from 2.9 to 1, and that the affinity of Mg2+ increased 4.4-fold as the Hill slope decreased from 4.7 to 1.6. Hunsley & Suelter (1969) also showed that activation by K+ produces very similar changes to those outlined above for NH4+ activation. It is clear from this comparison that our results are prefigured by those of Hunsley & Suelter (1969) .
The effects of 'low' concentrations of fructose bisphosphate on the substrate interactions are given by the D constants of Fit D24. Thus the values of the constants kAD, kBD and kCD show that when the enzyme is calculated to be 'saturated' by fructose bisphosphate, its affinity for ADP, phosphoenolpyruvate and Mg2+ is increased 2.7-fold, 2.8-fold and 1.6-fold respectively. The positive values of kAD, kBD and kCD also require the complementary result, that is that the affinity of the enzyme for fructose bisphosphate should be increased by saturation with the substrates. Kuczenski & Suelter (1971a) have demonstrated this effect in fluorimetric studies of fructose bisphosphate binding by yeast pyruvate kinase at pH 7.5. In experiments where the effector concentrations were generally less than 1 mm, they showed that the dissociation constant of fructose bisphosphate was decreased 2.5-fold when 5 mM-ADP was added to solutions of the enzyme that contained 25 mM-Mg2+. Kuczenski & Suelter (1971a) regarded this result (which is in agreement with our findings) as surprising because of the observed insensitivity of ADP binding to an addition of 1 mM-fructose bisphosphate (Hunsley & Suelter 1969 ), which we referred to above when discussing Fit D1200. This is, therefore, an independent recognition of the possibility that the influence of fructose bisphosphate on yeast pyruvate kinase is fundamentally different at high and at low concentrations. In the experiments performed by Kuczenski & Suelter (197 la) the effect of phosphoenolpyruvate on effector binding is complicated. In the presence of 25 mM-Mg2+ addition of 10 mM-phosphoenolpyruvate was almost without effect, but when 0.23 M-K+ was added as well the affinity increased 7-fold, a factor more than double that indicated by kBD.
The dissociation constant of fructose bisphosphate, corresponding to ln60, is 0.105 mm. Values close to this have been given by Kuczenski & Suelter (1971a) . The value that would appear at half-saturation in the presence of saturating concentrations of the substrates can be calculated from: ln&^= lnd +kAD+kBD+kcD+YDD Fit D24 gives lnai = 5.4 and a dissociation constant of 0.004 mm. For comparison, Hunsley & Suelter (1969) constructed the effector Hill plot from kinetic measurements made over a range of effector concentrations from 4 /M to 100 /M in the presence of high total concentrations of the substrates; by these means they obtained dissociation constants of 0.02 mm in the presence of 10 mM-K+ and 0.03 mm with 5 mM-NH4+.
Finally, it can be shown by calculation that the positive values of kAD, kBD and kCD cause an increase in the Hill slopes of all the velocity-substrate-concentration relationships when fructose bisphosphate is added to give a concentration up to 24 /M and the substrate saturations are maintained at unchanged values for the comparison (Ainsworth, 1986) . This predicted behaviour contrasts markedly with the disappearance of sigmoidicity that occurs when 1.2 mM-fructose bisphosphate is added to reactant solutions (Fit D1200 and Figs. 5 and 6 ).
The value of kDD = 1.34 corresponds to a Hill slope of 1.5. Kuczenski & Suelter (1971a) found the Hill slope for fructose bisphosphate binding to be 1.58 when measured at pH 7.5 in the presence of 25 mM-Mg2+. The corresponding value from kinetic studies at pH 6.2 is 2.33 (Hunsley & Suelter, 1969) .
On the basis of the comparisons we have been able to make, it seems that there is a broad agreement between this and previous studies when regard is paid to the concentration of fructose bisphosphate that is employed in the experiments that are being compared. Conclusions
We have already argued that the heterotropic interactions of pyruvate kinase originate in charge interactions at the active site and that the homotropic interactions reflect inter-site events (Ainsworth & Macfarlane, 1973; Ainsworth et al., 1983; Morris et al., 1984) . Additional support for this view is provided by the effects of pH and the concentrations of univalent cations on the reaction velocity (Rhodes et al., 1986) . In this context, low concentrations of fructose bisphosphate appear to modulate the enzyme activity while leaving the substrate interactions of both kinds largely the same. By contrast, high effector concentrations seem to exert their major effect on the homotropic interactions of phosphoenolpyruvate and Mg2+, both decreasing their magnitude and causing a compensatory increase in affinity of these substrates for the enzyme. The heterotropic interactions remain relatively unaffected. By extension of the previous arguments, it would therefore appear that high concentrations of effector loosen the structure of pyruvate kinase, simultaneously destroying the basis for inter-site interaction and releasing the constraints that limit substrate affinity in the unmodified enzyme.
